Under anaerobic conditions and in the presence of nitrate, Escherichia coli synthesizes the major respiratory chain which, by coupling oxidation of formate to reduction of nitrate, provides the highest yield of energy available in the absence of oxygen. It is constituted by two membrane-bound protontranslocating enzymes, formate dehydrogenase N (FDH-N) and terminal nitrate reductase (NAR-A), which are linked by a quinone (46) .
The two corresponding fdnGHI (6) and narGHJI (8, 45 ) operons located at 32 and 27 min on the E. coli genetic map, respectively, have been cloned and sequenced. They encode the three ␣, ␤, and ␥ subunits of both enzymes. The ␣ subunits consist of molybdoproteins that have been proposed to contain the catalytic site. In addition, the ␣ subunit of FDH-N harbors a selenocysteine residue essential for the enzyme (5) . The ␤ subunits are electron transfer units which accommodate four iron-sulfur centers, and the ␥ subunits specify the apoproteins of the b type cytochromes. Expression of the fdnGHI and narGHJI operons is induced during anaerobic growth in the presence of nitrate. It is subject to the dual control of the transcriptional activators FNR and NARL. Anaerobic induction is mediated by the global regulatory FNR protein (19) , whereas nitrate induction is mediated by the specific NARL protein (47) .
Previous observations have provided evidence for the existence in E. coli of two isoenzymes, FDH-Z (36) and NAR-Z (20) , that share several biochemical and immunological properties with FDH-N and NAR-A, respectively. In contrast to NAR-A, the NAR-Z enzyme is synthesized in the presence of oxygen, is only slightly induced by nitrate, and is repressed by FNR in anaerobiosis (20) . The structural genes for NAR-Z are organized in an operon, narZYWV, that is highly similar to the above-cited narGHJI operon and that is located at 32.5 min on the E. coli chromosome. Sequences of its gene products show striking relatedness with the corresponding polypeptide sequences of NAR-A, suggesting that narZYWV and narGHJI may have descended from a common ancestor (9) .
The second respiratory FDH, FDH-Z, possesses a subunit composition similar to that of FDH-N. It displays a formate phenazine methosulfate oxidoreductase activity (FDH-PMS), a property shared by FDH-N, also in the aerobically grown bacterium (36) . Together with NAR-Z, it can catalyze formatedependent nitrate reduction under anaerobic conditions. Another study had previously reported the identification of a 110-kDa selenoprotein which catalyzes the oxidation of formate by using oxygen as a terminal electron acceptor and which is present at equivalent levels in cells grown aerobically and anaerobically with nitrate (41) . It correlates strongly with the formate oxidase activity originally described by Pinsent (34) . Its pattern of expression argued in favor of the idea that it belongs to the FDH-Z enzyme.
Genetic analysis of the fdhD-fdhE region involved in the formation of active FDH-PMS (30) indicated that the two genes are separated by about 5 kb (42) , which constitutes a DNA sequence equivalent to the size of the fdnGHI operon encoding FDH-N (6). Since this segment was supposed to be long enough to bear the structural genes related to the aerobic FDH-Z enzyme, we decided to further examine the role of this region. Genetic, molecular, and biochemical analyses allowed us to identify in this area the fdo locus coding for the aerobic FDH-Z enzyme. Here, we report the in vivo expression of the fdo locus and its immunological characterization with anti-FDH-N serum and we examine its regulation under various physiological and genetic conditions. We have also explored the possible implication of FDH-Z in a sudden shift from aerobic to anaerobic conditions.
MATERIALS AND METHODS
Bacterial strains and plasmids. The E. coli strains and plasmids used in this study are listed in Table 1 .
To study the influence of various mutations on the expression of the fdo-uidA operon fusion, the fnr, arcA, narL, moe, hns, rpoS, fdhD, and fdhE mutated alleles carried by strains MC4100-fnr, ECL618, RK5278, CGSC4459-1, PHL502, PHL503, CS20, and CS6, respectively, were introduced in fusion strain HA51 via P1cml-mediated transduction (31) , selecting for the close antibiotic markers and subsequently scoring for the appropriate phenotypes. Strains HA55, HA56, HA62, HA69, HA101, HA102, HA87, and HA88, respectively, were obtained.
Derivatives HA65, HA85, and HA96 carrying the selA, narG, and crp mutations, respectively, were obtained by using a P1cml lysate grown on strain HA51 (fdo) to transduce strains FD032, LCB79, and EC8445, respectively. This procedure was performed for the parental strains PA309 and EC2 in order to construct the reference strains HA64 and HA95.
Construction of a chromosomal fdo-uidA fusion. The promoterless uidA-kan r cassette from plasmid pUIDK3 encoding ␤-glucuronidase (3) was digested with BglII and introduced into the BglII site of plasmid pHA3 containing the fdo locus ( Fig. 1 ). Transformants carrying resistance to both ampicillin and kanamycin were selected and checked for their production of ␤-glucuronidase. Confirmation of the correct insertion in the fdo locus relied on restriction analysis and on a threefold stimulation of expression of ␤-glucuronidase activity in aerobiosis versus anaerobiosis. The transcriptional fdo-uidA fusion constructed in vitro was introduced into the chromosome of the recD-bearing strain VM355 according to the protocol of Russell et al. (37) after linearization of plasmid pHA6 at the unique SacI site. To confirm integration and to facilitate further work with isogenic strains carrying mutations in genes affecting anaerobic metabolism, the resulting fdo mutation was further transferred to strain MC4100 by transduction with phage P1cml, giving rise to strain HA51.
Media and growth conditions. For current purposes, cells were grown on Luria-Bertani liquid or solid medium (44) . Antibiotics were used at the following final concentrations: ampicillin, 100 g/ml (except for cosmid [200 g/ml]), chloramphenicol, 20 g/ml; kanamycin, 50 g/ml; and tetracycline, 10 g/ml.
For the enzyme assays, bacterial strains were grown in TYEP medium adjusted to pH 6.5 (4), supplemented with sodium selenite (2 M) and ammonium molybdate (2 M). Aerobic or anaerobic growth was accomplished at 30, 37, or 42ЊC, as previously described (42) . Cells were harvested during the exponential phase of growth. Large cultures were performed at 37ЊC in a 2-liter Setric fermentor filled with 1.5 liters of TYEP medium supplemented with 10 mM formate and 10 mM nitrate. Aerobic or anaerobic conditions were achieved by saturating the culture medium with sterile air or nitrogen, respectively, at a rate of 50 liters/h. The shift from aerobiosis to anaerobiosis was performed by replacing the air stream with a stream of oxygen-free nitrogen gas. Cell samples were periodically collected, and the amounts of FDH-PMS activities and nitrite production were determined.
Preparation of subcellular fractions. Cells were suspended in 50 mM Tris HCl-1 mM benzamidine-HCl (pH 7.6) and ruptured in a French press. The crude extract was centrifuged at 18,000 ϫ g for 15 min to eliminate cell debris. The supernatant fraction was further centrifuged at 170,000 ϫ g for 90 min to separate the soluble and membrane fractions. All procedures were performed at 4ЊC.
Enzyme assays. FDH activity was assayed spectrophotometrically at 30ЊC by monitoring the formate-dependent PMS-mediated reduction of 2,6-dichlorophenolindophenol (DCPIP) as described by Lester and DeMoss (27) . Formatenitrate reductase activity was measured at 30ЊC on cellular crude extracts that were washed twice and resuspended in 100 mM Tris-HCl buffer (pH 7). The reaction was started by the addition of 20 mM NO 3 and 20 mM formate under a nitrogen atmosphere. Aliquots (1 ml) were taken over a 10-min period, and the FIG. 1. Physical map of the fdo region and derivative plasmids used in this study. The positions and transcriptional directions of the fdhE, fdo, and fdhD genes are represented by arrows. The lengths of genes are deduced from DNA sequencing (35, 42) . Only useful restriction sites (42) reaction was stopped by the addition of 3 ml of acetone. Nitrite concentration was assayed spectrophotometrically at 543 nm at 30ЊC as previously described (36) . ␤-Glucuronidase activity in chloroform-sodium dodecyl sulfate (SDS)-permeabilized cells was assayed according to the procedure described by Miller (31) . This activity was also detected in situ by the addition of 10 mM pNPU (4-nitrophenyl-␤-D-glucuronide [Boehringer Mannheim]) to colonies grown on a Petri dish after 2 min of exposure to vapors of toluene. Colonies carrying and expressing the uidA gene coding for ␤-glucuronidase on a plasmid are yellower than colonies carrying the unique chromosomal copy of the uidA gene.
Protein concentrations were determined by the technique described by Lowry et al. (28) .
DNA technology. Plasmid DNA isolation and manipulation as well as bacterial transformation were carried out according to the method described by Sambrook et al. (39) . All enzymes were obtained from Boehringer Mannheim.
For Southern blot experiments, genomic DNA was isolated by the method described by Ausubel et al. (2) . Chromosomal DNAs from parental strain MC4100 and fdo mutant HA51 were digested with a mixture of EcoRI and ScaI. DNA fragments were separated by agarose gel electrophoresis (0.8%) and transferred to a nylon membrane (Hybond N ϩ [Amersham]). Hybridization was performed as proposed by the manufacturer (Amersham International).
Gene expression with the bacteriophage T7 promoter-RNA polymerase system. Plasmids pT7-5 and pT7-6 contain the T7 10 promoter upstream of multiple cloning sites in opposite orientations (49) . They were used for the construction of the hybrid plasmids pHA3 and pHA3-I, containing the fdo ScaI2-KpnI fragment of 5 kb into plasmids pT7-6 and pT7-5, respectively ( Fig. 1 ). pHA31 and pHA32 were derived from plasmid pHA3 by deletions of SalI (3-kb) and MluI (0.4-kb) fragments, respectively. The hybrid plasmids were introduced into E. coli K38 harboring the compatible plasmid pGP1-2 containing the gene coding for T7 RNA polymerase under the control of the heat-inducible p L promoter. The proteins specifically expressed from the genes cloned downstream of the 10 promoter of the pT7-derived plasmids were labelled with [ 35 S]methionine-cysteine by the procedure described by Tabor and Richardson (49) . The cells were then suspended in a lysing buffer (60 mM Tris HCl [pH 6.8]-1% SDS-1% 2-mercaptoethanol) and electrophoresed through an SDS-12.5% polyacrylamide gel according to the method described by Laemmli (25) .
Immunological analysis. Antiserum to E. coli PMS-linked FDH-N was raised in rabbits immunized with enzyme purified as described by Enoch and Lester (16) .
FDH antigen present in Triton X-100-dispersed membrane fractions was detected by rocket immunoelectrophoretic analysis as described by Graham et al. (18) . The samples were electrophoresed at 2 mA overnight in (1% [wt/vol]) agarose plates (4 by 4 cm) buffered with 20 mM sodium barbital (pH 8.6) containing 1% (wt/vol) Triton X-100 and (0.05% [wt/vol]) sodium azide. Antiserum (180 l) was included in the agarose medium (3.3 ml).
Western blot (immunoblot) analysis was performed as described below. After electrophoresis in SDS-7.5% (wt/vol) polyacrylamide gels, the proteins were electrotransferred to a nitrocellulose sheet in methanol 20% (wt/vol) containing buffer (50) . The blots were exposed for 90 min at 37ЊC to Regilait milk (5% [wt/vol]) in 10 mM Tris HCl-150 mM NaCl-Tween 20 (pH 8; 0.05% [wt/vol]). The blots were then incubated for 1 h at room temperature with anti-FDH serum (40 l/10 ml of buffer). After several washes, the immunoblots were incubated with anti-immunoglobulin G second antibodies conjugated with alkaline phosphatase (Protoblot Western Blot AP-Rabbit-Promega). Sites of antigen localization were revealed by staining for alkaline phosphatase activity.
RESULTS
Requirements for aerobic FDH expression. Previous work has established that the aerobically expressed FDH-Z isoenzyme is regulated differentially from the major anaerobic FDH-N enzyme. In particular, synthesis of FDH-Z is not affected by mutations in either of the two regulatory genes, fnr and narL, which are required for the full synthesis of FDH-N (36). We present here a more complete determination of the effect of several mutations altering the anaerobic metabolism on the expression of FDH-PMS activity following aerobic growth with or without nitrate ( Table 2 ). Using mutant VJS1224 carrying a MudII insertion in the first gene of the structural operon fdnGHI encoding FDH-N (7), we were able to demonstrate that remaining FDH-Z activity is weakly but reliably induced by nitrate under anaerobic conditions. However, induction by nitrate was prevented in an fnr mutant, which does not synthesize functional major nitrate reductase NAR-A, suggesting that the small induction by nitrate could be mediated via the metabolism of this compound. Like FDH-N, FDH-Z activity was totally abolished in selA (10) and mob (43) mutants impaired in selenocysteine and molybdenum incorporation, respectively, which supports the conclusion that the aerobically expressed activity is associated with a selenomolybdoenzyme. In addition, FDH-Z activity was suppressed in both fdhD and fdhE mutants which lacked respiratory FDH-N activity but retained normal FDH-H activity linked to the fermentative formate-hydrogenlyase pathway (30) . This last result emphasizes the fact that if FDH-Z has synthesis features in common with the two other FDH enzymes, it is more closely related to FDH-N.
FDH-Z enzyme has been previously found to be mainly located in the membrane fraction (36) . Additional evidence for the maximal recovery of aerobically expressed FDH activity in the membrane fraction was obtained in this experiment by using strains MC4100, MC4100-fnr, and VJS1224 (data not shown).
Mapping of the fdo locus encoding aerobic FDH activity. After the subcloning, initial sequencing, and physiological experiments described in this report were completed, a DNA sequence analysis of the E. coli chromosomal region from 87.2 to 89.2 min was published (35) . Our enzymatic analysis of plasmid subclones derived from the fdhD-fdhE region located at 88 min on the E. coli chromosome (42) is in perfect agreement with sequencing results from Blattner's group. Strain ET8051, bearing a deletion extending from glnA to rhaD and thus encompassing the fdhD-fdhE area, was transformed with various cosmids or plasmids carrying part or the totality of this region ( Fig. 1) (42) . FDH-PMS activity on cells grown under aerobic or anaerobic conditions was then checked. The results showed that plasmids carrying the whole area between fdhD and fdhE (cos101 and pCS5 plus pCS17) complemented both aerobic and anaerobic FDH-PMS activities (Table 3 ). In contrast, plasmids completely lacking the intermediate region extending from fdhD to fdhE (pCS5 plus pHA1) or harboring a deletion of this region (pCS5 plus pHA4 or pCS5 plus pHA5) were unable to restore aerobic FDH-PMS activity, i.e., FDH-Z activity, whereas anaerobic FDH-PMS activity corresponding to the FDH-N enzyme was expressed at a normal level.
As a consequence, the intermediate region between fdhD and fdhE includes genes related to the aerobic FDH-Z enzyme and was designated fdo (formate dehydrogenase O for oxygen).
Identification of the fdo gene products. To determine whether the fdo locus includes structural genes for FDH-Z or is involved in the synthesis of an activator protein regulating its expression, we monitored its in vivo expression from the strong T7 10 promoter using the phage T7 promoter-polymerase system (49) . As expected, no band was visible from the reference vector pT7-6 without insert (Fig. 2, lane A) . In contrast, plasmid pHA3 containing the fdo locus oriented from the ScaI2 site to the KpnI site with respect to the T7 10 promoter directed the synthesis of three polypeptides with apparent molecular masses of 107, 34, and 22 kDa (lane B). The values of the two larger polypeptides are in agreement with the relative molecular masses already determined for the ␣ and ␤ subunits of FDH-Z by immunoblotting (36) . Since these proteins possess sizes similar to those of the three subunits of the FDH-N isoenzyme (110, 32, and 20 kDa for ␣, ␤, and ␥, respectively) (18), they are likely to correspond to the three subunits ␣, ␤, and ␥ of the aerobic FDH-Z enzyme. Plasmid pHA3-I, which harbors the fdo locus in the opposite orientation, did not give rise to the synthesis of a polypeptide (Fig. 2, lane E) . As a consequence, fdo is transcribed from the ScaI2 site to the KpnI site as indicated in Fig. 1 . The ␣ and ␤ polypeptides were missing in plasmid pHA31 carrying the 3-kb SalI2-SalI3 deletion, whereas the ␥ polypeptide remained intact (Fig. 2, lane  C) . Instead of ␣ and ␤, a polypeptide with a molecular mass of about 41 kDa was detected. It was attributed to the synthesis of a hybrid protein resulting from the fusion between the Nterminal part of ␣ and the C-terminal part of ␤. The 0.4-kb MluI1-MluI2 deletion harbored by pHA32 led to a truncated ␣ subunit of 95 kDa (Fig. 2, lane D) . In lanes B and D, we observed a high amount of radioactive material especially around the ␥ subunit. We suggest that it would result from partial degradation of the entire or truncated ␣ subunit, which could also explain the weak labelling of this subunit. A hybrid ␣-␤ polypeptide with a molecular mass of 41 kDa appeared to be more stable (Fig. 2, lane C) .
Immunological characterization of the fdo gene products. To further confirm in vivo expression results, we decided to characterize polypeptides synthesized from the fdo locus employing an antiserum directed against the purified FDH-N enzyme (17) . The following experiments were conducted with strain MC4100-fnr instead of strain K38 used for in vivo expression, since the former no longer produces the FDH-N isoenzyme which could interfere with the products of FDH-Z. MC4100-fnr was thus sequentially transformed by plasmid pGP1-2 and either vector pT7-6 or hybrid plasmid pHA3. Cells either were grown anaerobically at 30ЊC or were subjected to heat induction from 30 to 42ЊC, according to the protocol described by Tabor and Richardson (49) . This latter procedure led to the establishment of semianaerobic conditions due to the low amount of oxygen availability at high optical density (OD) levels. Membrane fractions were prepared from crude cell extracts, since FDH-Z has been shown previously to be mainly located in the membrane fraction (reference 36; see above). The specific activity of membrane-bound FDH-Z in strain MC4100-fnr (pT7-6) reached one-fifth of the global FDH-PMS activity found in the wild-type MC4100 grown anaerobically in the presence of nitrate (Table 4) . Introduction of plasmid pHA3 led to a level 2.5-fold induced above the activity measured with vector pT7-6. When the in vivo expression protocol of Tabor and Richardson was used, hardly detectable levels of activity were measured (Table 4) , which implies that FDH-Z activity is highly susceptible to heat induction.
To estimate the relative amounts of proteins synthesized, rocket immunoelectrophoresis of membrane fractions solubilized by Triton X-100 was run in parallel (Fig. 3) . The results corroborate those obtained with enzymatic activities (Table 4) . Similar precipitin arcs were synthesized from strain MC4100-fnr grown anaerobically or aerobically (Fig. 3 , lanes 5 and 6) and harboring vector pT7-6 (lane 4). As expected with plasmid pHA3, a 2.5-fold larger precipitin arc was clearly visible, in perfect correlation with the enhancement of enzymatic activity (lane 3). However, no material was immunoprecipitated when cells were treated according to the procedure described by Tabor and Richardson (49) , which is specially devised to stimulate protein production (lanes 1 and 2). As we mentioned above, the ␣ subunit of FDH-Z appears to be relatively unstable and easily subject to proteolysis (Fig. 2) . Incorrect association of the different subunits could result and lead to the absence of immunoprecipitated lines by the FDH-N antiserum by this technique.
To further characterize the FDH-Z enzyme encoded by fdo, we determined its subunit composition in the solubilized membrane fractions of the above-cited strains. The results are in agreement with the immunological and biochemical findings reported above. Strains MC4100-fnr and MC4100-fnr (pT7-6) synthesize an FDH-Z enzyme containing two subunits, ␣ and ␤, having relative molecular masses of approximately 100 and a Except for cos101, the structures of the plasmids are shown in Fig. 1 . b Mutant ET8051 has a deletion of the rha-gln region including the fdhD and fdhE genes and their intergenic region.
c Cells were grown in TYEP medium at 37ЊC and harvested at an OD of 0.4 as described in Materials and Methods. FDH-PMS activities are expressed in micromoles of formate oxidized per milligram of bacteria (dry weight) per minute. Data are the averages of at least five independent experiments. 32 kDa (Fig. 4, lanes 1 and 2) . The intensity of these two subunits was significantly enhanced by the presence of plasmid pHA3 (Fig. 4, lane 3) , in relation to the increased synthesis of FDH-Z protein by the multicopy fdo plasmid (Table 4 ; Fig. 3 ). We were unable to assess the possible presence of a ␥ subunit in FDH-Z as reported previously (36) . The size of the ␣ polypeptide was slightly smaller than that found in the in vivo expression experiment (Fig. 2) . This discrepancy could reside in the low level of stability of the ␣ subunit that we have already noticed. In relation to this, when strain MC4100-fnr harboring either pT7-6 or pHA3 was treated by the protocol described by Tabor and Richardson (49), only a very faint band corresponding to the ␣ subunit could be detected, whereas the ␤ subunit was present at a normal level. In addition, a third band with a lower molecular mass was also clearly visible (Fig.  4, lanes 4 and 5) . These observations strongly suggest that heat shock induces an alteration of the ␣ subunit which gives rise to an inactive FDH-Z protein (Table 4) .
Regulation of the fdo locus. To study the regulation of the fdo locus expression at the transcriptional level, we constructed mutant HA51 which carries an operon fusion between the fdo locus and the uidA gene encoding ␤-glucuronidase (see Materials and Methods). As expected, mutant HA51 totally lacks aerobic FDH-PMS activity corresponding to FDH-Z and retains normal levels of the other anaerobic enzymes (data not shown), confirming its specific impairment for the FDH-Z enzyme. Insertion at the right place in the chromosome of strain MC4100 was further substantiated by a Southern blot experiment showing in addition that the fdo locus is present as a single copy on the chromosome (data not shown). Expression of the chromosomal fdo-uidA fusion was stimulated threefold by a shift to aerobic conditions (Table 5 , row 1). Since anaerobic versus aerobic regulation is mediated via the two global regulatory proteins FNR (19) and ArcA (23) in E. coli, we examined the possible involvement of the fnr and arcA gene products in the transcription of fdo-uidA fusion. Compared with that of the wild-type strain, fdo-uidA expression was unchanged in fnr and arcA backgrounds (Table 5 , rows 2 to 4).
Addition of nitrate enhanced by a factor of 2.5 the expression of fdo under anaerobic conditions; however, it had no influence under aerobic conditions (Table 5 , row 1). This stimulation was independent of the presence of the narL gene product which activates the synthesis of the major formate-tonitrate pathway including FDH-N and NAR-A (47) ( Table 5 , row 5). However, it was abolished in fnr, moe, and narG backgrounds which were defective in nitrate reductase activity (46) ( Table 5 , rows 2, 6, and 7).
Furthermore, we investigated the effects of additional mutations involved in either anaerobic metabolism, such as fdhD, fdhE, and sel, or global gene regulation, such as rpoS, hns, and crp. The fdhD and fdhE genes encode accessory proteins which are required for the formation of both respiratory FDH isoenzymes in an active form (36, 42, 48) while the selAB operon has been shown to be involved in selenium incorporation as a selenocysteine to produce the three FDHs in a functional state (10, 41) . Whatever the mutation tested (Table 5 , rows 8, 9, 12, and 13), the pattern of expression of the fdo-uidA fusion did not show any significant change. a Cells were broken in a French press. The membrane (MB) and soluble (S) fractions were separated by centrifugation at 170,000 ϫ g for 90 min. The amounts of soluble or membrane proteins were assayed according to the method described by Lowry et al. (28) .
b Activities in the fractions are percentages of the total activity measured in crude extracts. Gene rpoS encodes a sigma factor which specifically activates transcription of late-stationary-phase genes (26) . The ␤-glucuronidase activity of the fdo-uidA fusion remained unaltered in the presence of an rpoS mutation (Table 5 , row 11). In contrast, fdo transcription was reduced twofold under aerobic conditions in an hns mutant which carries a lesion in the global regulatory protein H-NS that is known to control a large number of bacterial genes (15) ( Table 5 , row 10). Similarly, aerobic fdo expression was decreased by a factor of 2.5 in the presence of a crp lesion affecting the catabolic operon regulatory protein CRP (24) .
Effect of a shift from aerobiosis to anaerobiosis on respiratory FDH expression. We have previously shown that FDH-Z can be coupled to NAR-Z to catalyze the transfer of electrons from formate to nitrate when cell suspensions from aerobically grown cells are placed under anaerobic conditions in the absence of protein synthesis (36) . In the present work, we investigated the pattern of expression of both FDH-Z and FDH-N isoenzymes and we explored the ability of aerobically expressed FDH-Z to reduce nitrate at the expense of formate using a set of mutants. Growth in the fermentor was achieved throughout in a culture medium supplemented with 10 mM formate and 10 mM nitrate. The sole FDH-Z activity displayed by mutant strains VJS1224 (fdnG) and MC4100-fnr, which lack the anaerobic FDH-N isoenzyme, was maximal at the end of the aerobic log phase and decreased by 25% from the peak activity ( Fig. 5A ; data not shown). Shifting to anaerobic conditions did not affect the level of FDH-Z. A similar pattern of expression was also found for the ␤-glucuronidase activity reflecting the fdo-uidA fusion borne by mutant HA51 (1). As expected, during the aerobic growth phase, no FDH-PMS activity could be detected in the fdo mutant HA51 which was impaired in the sole FDH-Z activity (Fig. 5B) . In this strain, anaerobic FDH-N activity induced by nitrate appeared only 2 h after the anaerobic shift, reached a maximal level after 6 h, and decreased by 35% prior to achieving a new steady-state level. As anticipated, no FDH-PMS activity was detected under any growth conditions in the double mutant HA55 (fdo-fnr) which was deprived of both FDH-Z and FDH-N activities (Fig.  5C ), providing evidence that the FDH-PMS activity measured is the only product of the FDH-N and FDH-Z enzymes. Analysis by rocket immunoelectrophoresis of FDH proteins synthesized throughout these cultures confirmed enzymatic assay results (data not shown).
To determine whether FDH-Z activity can participate in vivo in the electron flow from formate to nitrate under anaerobic growth conditions, nitrite production was monitored in strain MC4100-fnr which lacks the major anaerobic formatenitrate reductase respiratory chain but retains NAR-Z in addition to FDH-Z. Indeed, we observed a level of nitrite accumulation twofold higher than that found in the fnr-fdo mutant HA55, which is devoid of both FDH-N and FDH-Z, strongly suggesting that an effective coupling of FDH-Z to NAR-Z is operating to catalyze formate-linked nitrate reduction in the absence of the major anaerobic pathway (Fig. 5D) . The residual accumulation of nitrite detected in the fnr-fdo mutant could be attributed to the reduction of nitrate by an intracellular donor species other than formate. It is also worth noticing that nitrite was first detected in cultures of mutant MC4100-fnr after the shift to anaerobiosis, supporting the assumption that FDH-Z activity can function as soon as anaerobic conditions are met. As expected, the fdo mutant HA51 expressing the sole FDH-N activity exhibited a threefold nitrite accumulation over MC4100-fnr, in relative proportion to the amount of FDH-PMS activity measured in the two strains (compare lanes B and A in Fig. 5 ).
To further assess the capacity of aerobic FDH-Z to transfer electrons derived from formate oxidation to nitrate, washedcell suspensions of the various mutants were withdrawn at the end of the aerobic exponential growth phase, when FDH-Z activity reached its maximal level, and were placed under N 2 atmosphere in the presence of formate and nitrate. The fdo and fnr-fdo mutants that were impaired for FDH-Z and that displayed no FDH-N activity when grown aerobically ( 3) , or after heat shock induction from 30 to 42ЊC (lanes 4 and 5) according to the protocol described by Tabor and Richardson (49) . Solubilized membrane proteins (2 g) were separated on SDS-7.5% polyacrylamide gels. The proteins were then transferred to nitrocellulose and probed with FDH-PMS antiserum. Lanes: 1, MC4100-fnr; 2 and 4, MC4100-fnr(pT7-6); 3 and 5, MC4100-fnr(pHA3). a Growth was performed in TYEP medium at 37ЊC until the end of the exponential phase. Each value is the mean of four independent experiments. When required, nitrate was added at 100 mM.
b Values are nanomoles of p-nitrophenol produced per milligram of bacteria (dry weight) per minute.
c HA61 is a derivative of strain HA55 (fdo-fnr) which was transformed by plasmid pCH21 carrying the fnr ϩ allele (Table 1) . d -, not determined. e To study the influence of the selA and crp mutations, the fdo-uidA fusion was transduced into strains FD032 (selA), EC8445 (⌬crp), and the relevant parental strains PA309 and EC2, respectively. bacteria [dry weight], respectively). In this latter case, potential endogenous electron donors were removed by washing the cells. In contrast, mutant MC4100-fnr, which harbors aerobic FDH-Z (Fig. 5A) , exhibited an initial rate of 12 nmol of nitrite produced per min/mg of bacteria (dry weight).
DISCUSSION
We have previously demonstrated the existence of a second PMS-linked FDH which is present in the aerobically grown bacterium E. coli (36) . We here identify a 4.5-kb region of DNA that was essential for complementing part of the deletion of strain ET8051, which is related to aerobic formate metabolism ( Fig. 1; Table 3 ). Indeed, when cloned into multicopy plasmids, this segment expressed aerobic FDH-PMS activity at a level four to six times higher than the basal chromosomal level (compare Tables 2 and 3 ). This DNA region was shown to be located between two FDH-associated genes, fdhD and fdhE, which are required for active respiratory FDH isoenzymes (36, 42) (Table 2 ) at 88 min on the chromosome, in accordance with the sequence recently reported (35) . In vivo expression of fdo revealed that it encodes three polypeptides with molecular masses (107, 34, and 22 kDa) similar to those of the three subunits of the anaerobic FDH-N isoenzyme (16) (Fig. 2) and in good agreement with the molecular masses of the gene products predicted from the fdo sequence (35) . Analysis of the overexpression plasmids indicated that the three genes are transcribed in the same direction as fdhE toward glnA, i.e., counterclockwise with respect to the E. coli genetic map and in the following order: fdoG (␣), fdoH (␤), and fdoI (␥). Organization of the fdo locus and overlapping of the last two genes, fdoH and fdoI, closely resemble those of the fdnGHI operon (6), suggesting that fdoGHI defines a single unit of transcription. Since the fdhE gene is transcribed in the same direction as fdoGHI and is adjacent to the last fdoI gene, Plunkett et al. (35) proposed that fdhE is cotranscribed with fdoGHI. The observation that fdhE, in contrast to fdhD, follows a pattern of regulation with respect to oxygen and nitrate similar to that of fdo (42) ( Table 5 ) argues in favor of this hypothesis. However, we cannot rule out the possibility that fdhE is in addition expressed from its own promoter-operator region, since this is likely to occur in a variety of plasmids described previously (42) .
Unambiguous identification of the polypeptides encoded by fdo was attained by immunoprecipitation with the anti-FDH-N serum which was found to recognize epitopes from FDH-Z (36). High amino acid identity of FDH-Z subunits with their FDH-N counterparts (75% for ␣ and ␤ and 45% for ␥ [35] ) can account for this cross-reaction. During the course of our experiments, we noticed that the ␣-subunit of FDH-Z was a fairly unstable polypeptide that was specially susceptible to rapid temperature upshifting from 30 to 42ЊC (Fig. 2 to 4) . However, when cell growth was achieved at 30 or 42ЊC, equivalent enhanced FDH-Z activities were obtained from strain MC4100-fnr harboring the fdo ϩ plasmid pHA3 (1), indicating adjustment of metabolic processes to the higher temperature. Experiments with an fnr strain were performed to reduce the interference with the major FDH-N isoenzyme. When strain MC4100-fnr was replaced by strain ET8051, which is deleted for the fdhD and fdhE genes required for active respiratory FDH isoenzymes, absolutely no ␣ subunit of FDH-Z was visible, but a characteristic band for the ␤ subunit could be seen (1a) . This observation correlates with the failure to detect any FDH-N polypeptides in fdhE mutants by rocket immunoelectrophoresis (30) . Our results show clearly that neither fdhD nor fdhE lesions affect fdo expression (Table 5 ), in parallel with previous work from Stewart and coworkers giving evidence that fdhD and fdhE do not control transcription of fdn (48) . Taken together, these data support the idea that the FdhD and FdhE proteins act at the posttranslational level to ensure the correct processing or assembly of both respiratory FDH isoenzymes. Determination of the precise function of these proteins awaits in vitro maturation experiments with purified FdhD and FdhE polypeptides and monitoring of subcellular localization of both FDH isoenzymes with FDH-N antiserum.
Synthesis of the two enzymes, FDH-N and NAR-A, of the formate-to-nitrate respiratory chain is regulated in a coordi- (47) . In contrast, the NAR-Z isoenzyme is produced aerobically, slightly induced by nitrate, and repressed by the fnr gene product in anaerobiosis (20) . Similarly, FDH-Z is present under aerobic and anaerobic conditions and is slightly induced by nitrate in anaerobiosis; however, in contrast to NAR-Z, its synthesis is not dependent on the product of the regulatory gene fnr (Table 2) . Since induction of its expression by nitrate was suppressed in strains carrying mutations in genes fnr, narG, and moe, which affect nitrate reductase activity (Tables 2 and 5) , we concluded that metabolism of nitrate or its chemical reduction was involved in the induction of the fdo locus, in contrast to FDH-N, whose induction by nitrate is mediated via the NARL-specific regulatory protein. Nevertheless, nitrite, the direct reduction product of nitrate, was without any effect (1) . Such a redox control mechanism involving the flux of electrons along respiratory chains has already been put forward for the control of synthesis of anaerobic glycerol-3-phosphate dehydrogenase by changing the oxidized/reduced ratio of an intermediate of the respiration process (21) . Lesions in the structural genes for the nucleoid-associated DNA-binding protein H-NS (15) and the transcriptional regulator CRP, which mediates catabolite repression (24), led to a small but reliable reduction of the aerobic expression of the fdo-uidA fusion (Table 5) , which implies that both proteins act as potential activators of fdo operon expression. However, we were not able to detect A-T rich sequences characteristic of the H-NS protein binding site in the promoter region of fdo, suggesting that H-NS action is indirect. In contrast, the presence of a perfect CRP binding site was found in the 5Ј regulatory region of fdo (1) . This last finding is in agreement with the observation from Böck's group relating that the aerobically expressed 110-kDa selenopolypeptide-specifying formate oxidase (FDH-O) was barely detectable following anaerobic growth with glucose. The regulation pattern of the fdo locus (Table 5) , the absence of aerobic FDH activity in fdoG and selA mutants (Table 2) , and the structural analysis of the amino acid sequence derived from the DNA sequence (35) strongly argue in favor of an identity between the FDH-Z isoenzyme described here and the third selenopolypeptide, FDH-O, that has been identified apart from FDH-N and FDH-H and synthesized in aerobically grown cells (41) . In accordance with previous in vitro data showing that FDH-Z can be coupled with NAR-Z to catalyze formate-dependent nitrate reduction following aerobic growth (36), we demonstrate here that the fnr mutant harboring both redundant isoenzymes of the major anaerobic respiratory pathway is the only strain able to promote initial rates of formate-linked nitrate reductase activity from suspensions of cells grown under aerobic conditions. Strains fdo and fnr-fdo deprived of FDH-Z activity failed to do so. This result explains the observation that in vivo production of nitrite was immediate in the fnr mutant after a sudden shift from aerobic to anaerobic conditions (Fig. 5D) . In contrast, the fdo mutant, which displays the sole anaerobic FDH-N activity, was found to respond to these new conditions with a delay. Thus, it appears likely that at least a possible physiological role for FDH-Z in the cell would be to allow the bacteria to rapidly adapt to anaerobiosis before synthesis of FDH-N reaches a sufficient level.
Interestingly, recent evidence has shown that electron flow to trimethylamine-N-oxide upon a sudden shift from aerobiosis to anaerobiosis can be catalyzed by coupling of FDH-Z to trimethylamine-N-oxide reductase (30a). Since FDH-Z has also been found to be competent in electron transfer from formate to nitrite (14) , this study emphasizes the fact that aerobic FDH plays a key role in cells for the adjustment to new physiological conditions.
